considered to be due to the new infection from HTLV-1-infected cells to the other cells. Only a certain fraction of T cells seemed to have selectively survived in NOG mice after engraftment.
vivo. Non-obese diabetic (NOD)/severe combined immunodeficient (SCID) mice, such as the NOD/LtSz-scid and the NOD/Shi-scid mouse, have been considered appropriate models for this purpose [11] [12] [13] [14] . We have shown the successful engraftment of HTLV-1-infected cells from asymptomatic carriers in NOD/SCID/ ␥ c null (NOG) mice [15] . In this previous study, HTLV-1 provirus was recognized only in the human mononuclear cells, which infiltrated into the various organs of transplanted NOG mice. The increased proviral DNA loads 6 100,000 copies per 100,000 human cells were shown. This proviral DNA load increasing may be due to clonal expansion of HTLV-1-infected cells directly derived from the peripheral blood of asymptomatic carriers. Alternatively, transmission of HTLV-1 from the infected human cells to other human cells might occur in vivo. To clarify whether these speculations are true or not, we isolated the human cells in NOG mice with primary engraftment from HTLV-1 asymptomatic carriers, and inoculated them into the other NOG mice. The integration of HTLV-1 provirus into the chromosome of human cells was examined by fluorescence in situ hybridization (FISH) assay. To evaluate whether there is an active replication of HTLV-1 or not, the expression of tax/rex mRNA and HTLV-1 antigen was also tested. In addition, the rearrangement of the T-cell receptor-␥ (TCR-␥ ) gene that reflects the clonality of T cells [16] was compared between mice with primary and secondary engraftment. The results suggested that the transmission of HTLV-1 from infected cells to other cells occurred efficiently in NOG mice and only limited fraction of T cells seemed to have selectively survived.
Materials and Methods

Subjects
Three asymptomatic HTLV-1 carriers (carrier A, B, and C) were recruited into this study after obtaining written informed consent. The white blood cell counts of the HTLV-1-infected carriers were within the reference value without any abnormal cells. The peripheral blood mononuclear cells (PBMCs) were isolated from carriers A, B, and C by density gradient centrifugation on Histopaque-1077 (Sigma-Aldrich, St. Louis, Mo., USA), washed three times with phosphate-buffered saline (PBS) and preserved with Cell banker (JUJI Inc., Tokyo, Japan) at -80 ° until use. The study protocol was approved by the Institutional Review Board of University of Miyazaki.
Inoculation of Human PBMCs from HTLV-1 Carriers into the NOG Mice
NOG mice were purchased from the Central Institute of Experimental Animals (Kawasaki, Japan). All mice were bred and maintained under specific pathogen-free conditions in the Department of Bioresources, Division of Biotechnology, Frontier Science Research Center, University of Miyazaki (Miyazaki, Japan). Female NOG mice aged from 8 to 10 weeks were used for the experiments. A total of 5 ! 10 6 human PBMCs from carriers A, B, and C were injected intraperitoneally into one half of them and intravenously into the other half (primary transplantation, NOG A-1, B-1, and C-1, respectively). The mice were sacrificed 4 weeks after inoculation. Mononuclear cells were isolated from the livers of NOG A-1, B-1, and C-1 using density gradient centrifugation. More than 99% of these mononuclear cells were T cells (data not shown). A total of 3 ! 10 6 cells were inoculated into new NOG mice (secondary transplantation, NOG A-2, B-2, and C-2, respectively). The secondarily transplanted NOG mice were sacrificed 4 weeks after inoculation. The experimental protocol was approved by the University of Miyazaki ethics review committee for animal experimentation.
Quantification of Human Cells and HTLV-1 Provirus
Chromosomal DNA was isolated from the PBMCs of carriers and mononuclear cells obtained from the livers of NOG mice by sodium dodecyl sulfate proteinase K digestion at 56 ° , followed by phenol-chloroform extraction and ethanol precipitation. HTLV-1 proviral copy number (i.e. proviral DNA load) was measured by real-time polymerase chain reaction (PCR) using LightCycler DX 400 (Roche Diagnostics, Mannheim, Germany) as described previously [15] . In brief, quantitative real-time PCR was performed for human albumin DNA, mouse GAPDH DNA, and HTLV-1 provirus. The primers and probe for the human albumin gene were as follows: the forward primer Alb-S (5 -GCT-GTCATCTCTTGTGGGCTGT-3 ), the reverse primer Alb-AS (5 -AAACTCATGGGAGCTGCTGGT-3 ), and the FAM-labeled albumin TaqMan probe (5 -FAM-CCTGTCATGCCCACACA-AATCTCTCC-TAMRA-3 ). TaqMan Gene Expression Assays (Applied Biosystems Japan, Tokyo, Japan) were used for the primers and the probe for the mouse GAPDH gene. The primers and the probe for the pX region of HTLV-1 were as follows: the forward primer pX2-S (5 -CGGATACCCAGTCTACGTGTT-3 : positions 2359-2379), the reverse primer pX2-AS (5 -CAGTAGGGCGT-GACGATGTA-3 : positions 7458-7439), and the FAM-labeled pX2 probe (FAM-CTGTGTACAAGGCGACTGGTGCC-TAM-RA : positions 7386-7408). Quantitative PCR was performed in a duplicate manner.
FISH Analysis of HTLV-1-Infected Cells
FISH analysis was performed to detect HTLV-1 proviral signals in the mononuclear cells isolated from the livers of NOG mice according to a slightly modified version of the method reported by Taniwaki et al. [17] . For FISH assay probes, PCR products prepared using four different primer sets for HTLV-1, which cover almost the entire genome of HTLV-1, were used. Primer sets used for PCR were as follows: region 1: the forward primer ( Subsequently, the PCR products were subcloned by pGEM -T Easy vector system (Promega, Madison, Wisc., USA) and were supplied for the probe preparation. The Nick Translation System (Invitrogen, Carlsbad, Calif., USA) and Biotin-16-dUTP (Roche) were used for biotinylating probes. Cell suspensions on glass slides were fixed in methanol/acetic acid (3: 1). Biotinylated probe DNA was denatured, allowed to preanneal with unlabeled human Cot-l DNA (15-30 pg) at 37 ° for 20 min, and hybridized with treated chromosomal samples on glass slide at 37 ° for 20 h. Biotinylated probes were detected with Fluorescein Avidin DCS (Vector Laboratories, Inc., Burlingame, Calif., USA), Biotinylated Anti-Avidin D (Vector Laboratories, Inc.), and a second layer of Fluorescein Avidin DCS. Cells were counterstained with 4 ,6-diamino-2-phenylindole (DAPI) and mounted in VECTA-SHIELD (Vector Laboratories, Inc.). Results were analyzed on a conventional fluorescence microscope DMRA (Leica, Wetzlar, Germany) and photographed by a Leica Q550CW system (Leica, Cambridge, UK). Hybridization signals were evaluated in approximately 100 nuclei.
Detection of HTLV-1 mRNA by Reverse Transcriptase-PCR
The detailed procedure for reverse transcriptase (RT)-PCR was described elsewhere [15] . In brief, total cellular RNA was extracted from the liver of transplanted NOG C mice using TRIzol Reagent (Invitrogen) according to the manufacturer's instructions. Five g of total RNA was reverse transcribed using M-MCV RT (Invitrogen) using random primers. The following primers were used for RT-PCR: PX-1 (5 -AGGGTTTGGACAGAGTCTTC-3 : positions 7335-7354) and PX-2 (5 -AAGGACCTTGAGGGT-CTTAG-3 : positions 7590-7571) for tax / rex mRNA; GAPDH -118F (5 -GTCGGAGTCAACGGATTTGGTCG-3 : positions 76-98) and GAPDH -640R (5 -CATGGACTGTGGTCATGAGT CC-3 : positions 598-577) for GAPDH mRNA (Sigma-Aldrich Japan). The PCR products were electrophoresed on 1.2% agarose gel, and visualized by ethidium bromide staining. The RNA sample from an HTLV-1-positive cell line, HUT102, was used as a positive control at a 1: 100 dilution.
Detection of HTLV-1 Antigen by Indirect Immunofluorescence Assay
Mononuclear cells isolated from the liver of transplanted NOG C mice were deposited on the glass slides using Cytospine 3 (Shandon Scientific, London, UK). Cell suspensions on glass slides were fixed in cold acetone for 1 min, air dried, and treated with 10% bovine serum albumin in PBS for 30 min. Then, they were reacted with 1: 100 diluted human serum with or without anti-HTLV-1 antibody at 37 ° for 30 min, washed with PBS, and treated with fluorescein isothiocyanate-conjugated goat anti-human IgG/ F(ab ) 2 (Medical & Biological Laboratories, Nagano, Japan) at 37 ° for 30 min. Cells were counterstained with DAPI and were analyzed on a conventional fluorescence microscope DMRA and photographed by a Leica Q550CW system.
Analysis of Rearranged TCR-␥ Gene
The rearrangement of TCR-␥ gene of mononuclear cells in transplanted NOG mice was detected by PCR based on the report by Benhattar et al. [16] , using forward primer (TVG 5 -AGGG TT-GTGTTGGAATCAGG-3 ) and reverse primer (TJG 5 -CGTCGA-C AACAAGTGTTGTTCCAC-3 ). The expected size of the PCR products was approximately 170-200 base pairs. Amplified products were electrophoresed on 10% nondenaturing polyacrylamide gel, and visualized by ethidium bromide staining. Then, PCR products were subcloned by pGEM -T Easy vector system (Promega) and transfected into Escherichia coli JM109 (TAKARA Biosystems, Shiga, Japan). The reaction mixture was applied to a Luria-Bertani (LB) agar plate containing ampicillin and incubated overnight at 37 ° . From each subject, 30-40 colonies were randomly obtained and cultured by LB broth containing ampicillin overnight at 37 ° . DNA sequences of the cloned PCR products were analyzed using the ABI PRISM Big Dye Terminator Cycle Sequencing Ready Reaction kit (Applied Biosystems, Foster City, Calif., USA) and an ABI PRISM 310 Genetic Analyzer (Applied Biosystems).
Statistical Analysis
The Kruskal-Wallis test was used to compare the proviral DNA loads among the PBMCs of the carriers, and the engrafted cells in NOG mice with primary and secondary transplantation. One-tailed t test was used to compare the percentage of human cells among total cells in the livers of NOG mice with primary and secondary transplantation. The 2 test was used to compare frequencies of clones with unique rearrangement of the V-J region of TCR-␥ among tested PCR products in carriers and NOG mice with primary engraftment and secondary engraftment. p values ! 0.05 were considered as statistically significant.
Results
HTLV-1 Proviral Loads in NOG Mice with Primary and Secondary Transplantation
All mice grew normally without piloerection or weight loss for 1 month after transplantation. No tumors or lymph node swelling were found when the mice were sacrificed. Infiltration of mononuclear cells was seen in various organs of all tested NOG mice on microscopic examination, as described previously [15] . In order to measure the number of human cells, mouse cells, and HTLV-1 provirus present in the tissues of NOG mice, human albumin DNA, mouse GAPDH DNA, and HTLV-1 provirus were quantified using real-time PCR. HTLV-1 proviral DNA copy numbers in 100 human cells and the percentages of human cells among total cells in the livers of transplanted NOG mice are shown in figure 1 . HTLV-1 proviral copies in 100 PBMCs of carriers A, B, and C were 12.3, 3.2, and 0.2, respectively. The proviral loads in the livers of primarily transplanted NOG mice (NOG A-1, B-1, and C-1) were higher (82.6, 134.7, and 11.1 copies per 100 human cells, respectively) than those of carriers A, B and C. Moreover, the proviral loads in the livers of secondarily transplanted NOG mice (NOG A-2, B-2, and C-2) were significantly higher (1,428.6, 445. 30.2%, and C-1: 43.3%; p = 0.035, one-tailed t test). These results suggested that HTLV-1-infected cells at least in the secondarily transplanted NOG mice harbor multiple copies of HTLV-1 proviruses; however, the number of the human cells in the secondarily transplanted NOG mice decreased compared to the primarily transplanted NOG mice. Therefore, it was assumed that more than several copies of HTLV-1 proviruses were integrated into the genome of infected cells.
FISH Analysis of HTLV-1-Infected Cells Infiltrated in the Livers of Primarily and Secondarily Transplanted NOG Mice
Because the proviral loads especially increased in secondarily transplanted NOG mice suggested multiple integrations of proviruses in HTLV-1-infected cells, HTLV-1-infected cells in the livers of NOG A and B mice with primary and secondary engraftment were analyzed by FISH assay. NOG C mice could not be analyzed due to insufficient samples for FISH analysis. When the PBMCs of HTLV-1 carriers were analyzed by FISH, cells with only one signal, which represented one HTLV-1 provirus, were observed occasionally among cells with no signal. No cells with multiple signals were observed (data not shown). When cells isolated from the liver of primarily and secondarily transplanted NOG mice were analyzed, the numbers of signals per cell varied from 0 to 14 ( fig. 2 ) . The distributions of numbers of cells based on the number of signals by FISH in the primarily and secondarily transplanted NOG mice are shown in figure 3 . The fraction of cells with no signal were most prevalent (approximately 50% of all cells) in the primarily transplanted mouse, NOG A-1. Approximately 30% and fewer than 20% of all cells were found to have one signal and multiple signals in one cell, respectively. In the secondarily transplanted mouse, NOG A-2, the fraction of cells with no signal was only 3% and greater than 90% of cells had multiple signals of HTLV-1 proviruses. The primarily and secondarily transplanted mice, NOG B-1 and B-2, respectively, showed the same trend, although the trend was less evident compared to that of NOG A-1 and A-2. 
Detection of HTLV-1 mRNA in Liver of NOG Mice by RT-PCR
To evaluate whether there is an active replication of HTLV-1 in the transplanted NOG mice, HTLV-1 tax/rex mRNA was tested by RT-PCR. As shown in figure 4 , HTLV-1 tax/rex mRNA was shown in the livers of transplanted NOG C-1 and C-2. The signal from the secondary transplanted mouse, C-2, looked stronger than that from the firstly transplanted mouse, C-1.
Detection of HTLV-1 Antigen by IF Assay
Because the transcription of HTLV-1 gene in the transplanted NOG mice was shown in the previous experiment ( fig. 4 ) , HTLV-1 antigen (viral protein) on the mononuclear cells from the livers in the transplanted NOG mice was tested. As shown in figure 5 , HTLV-1 antigen was positive for mononuclear cells both in NOG C-1 and C-2 mice by IF assay. Thirteen cells (6.5%) and 104 cells (52%) among 200 cells counted tested positive for HTLV-1 antigen in NOG C-1 and C-2 mice, respectively. These results met the results of HTLV-1 tax/rex RNA ( fig. 4 ) , which showed stronger signal in C-2 mouse than that in C-1 mouse.
Analysis of the Clonality of Human T Cells Using Detection of Rearrangement of TCR-␥ Gene in Primarily and Secondarily Transplanted NOG Mice
Whether the human T cells, which survived in the transplanted NOG mice, are polyclonal or oligoclonal is the next question. The clonality of HTLV-1-infected cells in the carriers has been commonly analyzed by methods that identify cells with identical HTLV-1 provirus integration sites using Southern blot or the techniques based on PCR. Because multiple proviruses were shown to be integrated into the genome of HTLV-1-infected cells in NOG mice with engraftment, we could not analyze T-cell clonality using the method based on the HTLV-1 provirus integration sites in this case. Therefore, we used the method to analyze the rearrangement of the V-J region of TCR-␥ gene of T cells. As shown in figure 6 , the products of PCR to amplify the V-J region of TCR-␥ gene both from the HTLV-1-positive and -negative PBMCs showed a smear pattern in electrophoresis assay, which reflected the polyclonality of T cells. On the other hand, secondarily transplanted NOG mice (NOG A-2, B-2, and C-2) showed several dense bands, which indicated the clear oligoclonal pattern. The primarily transplanted NOG mice, especially NOG B-1 and C-1, showed a moderate pattern between HTLV-1 carriers and the secondarily transplanted NOG mice. Therefore, only restricted clones of human T cells seemed to have survived in the transplanted NOG mice.
The frequencies of T cell clones with a unique (different) V-J region of TCR-␥ gene in each NOG mouse with primary and secondary engraftments were assessed by cloning and DNA sequencing of the PCR products ( fig. 7 ) . Only two clones with unique rearrangement of the V-J region of TCR-␥ gene were detectable more than twice among 31 tested PCR products in the PBMCs of carrier A ( fig. 7 a) . In the primarily transplanted NOG mouse (NOG A-1), five clones with unique rearrangement of the V-J region of TCR-␥ gene were detectable more than twice among 35 tested PCR products, and the frequencies of these clones were greater than those of carrier A. In the secondarily transplanted NOG mouse (NOG A-2), four clones with unique rearrangement of the V-J region of TCR-␥ gene were detectable more than twice among 33 tested PCR products, and the frequencies of these clones were greater than those of NOG A-1. This tendency was also evident in cases of the NOG mice with primary and secondary engraftments from carrier B and C ( fig. 7 b, c,  respectively) . The proportions of clones with unique rearrangement of the V-J region of TCR-␥ gene among tested cloned PCR products were 28/31 (90%), 25/35 (71%), and 16/33 (49%) in carrier A, NOG A-1, and NOG A-2, respectively. The rates of unique clone in the case of carrier B, NOG B-1, and NOG B-2 were 27/28 (96%), 21/33 (64%), and 14/38 (37%), respectively, and those in carrier C, NOG C-1, and NOG C-2 were 31/32 (97%), 27/34 (79%), PBMCs from an HTLV-1-negative subject and HTLV-1-positive cell line, HUT102 were used as negative and positive controls, respectively. and 14/32 (44%), respectively. The differences in the frequencies of clones with unique rearrangement of the V-J region of TCR-␥ gene among tested cloned PCR products from carriers and NOG mice with primary and secondary engraftments were statistically significant (p ! 0.0001, 2 test; table 1 ). Therefore, the clonality of T cells in the NOG mice was less heterogeneous than that of HTLV-1 carriers, especially in the secondarily transplanted NOG mice. In addition, none of the clones were consistently detected among carrier A, NOG A-1, and NOG A-2. Only one clone in the NOG B series and two clones in the NOG C series were detected both in the primarily and secondarily transplanted mice (arrows in fig. 7 b, c).
Discussion
In the present study, successful engraftment of HTLV-1-infected cells, which were isolated from the infiltrated organs of NOG mice with primary transplantation of PBMCs from asymptomatic HTLV-1 carriers, was shown in the NOG mice with secondary transplantation. HTLV-1 proviral copies per cell significantly increased in the secondarily transplanted NOG mice when compared with those in the PBMCs of original carriers and, even with those in the primarily transplanted NOG mice. The HTLV-1 proviruses were confirmed to be integrated into the human chromosome only and not into the mouse chromosome in our previous study [15] . The integration of more than one copy of HTLV-1 provirus per human cell in the transplanted mice was expected based on the numbers of HTLV-1 proviruses obtained by real-time PCR. Indeed, FISH analysis showed that more than one signal, which represented the integrated HTLV-1 proviruses in nuclei, were detectable in the cells of the transplanted NOG mice in the present study. A greater number of cells with multiple signals were found in the NOG mice with secondary engraftment than in the NOG mice with primary engraftment. Because only one signal per cell was detectable in the PBMCs of the HTLV-1 carriers, the cells with multiple proviruses might be caused by the new infection of HTLV-1 from infected cells to the other cells in NOG mice. Indeed, HTLV-1 tax/rex mRNA and HTLV-1 antigen were detected in these cells, indicating an active replication of HTLV-1. The signal of HTLV-1 tax/rex mRNA in NOG C-2 mouse was stronger than that in C-1 mouse. Moreover, the number of HTLV-1 antigenpositive cells in NOG C-2 mouse was more than that in NOG C-1 mouse. These results suggested HTLV-1 replication in the secondarily transplanted mouse was more active than that in the firstly transplanted mouse.
Alternatively, there is a possibility that there are small numbers of HTLV-1-infected cells with multiple integrations of proviruses, undetectable by FISH assay, in PBMCs of HTLV-1 carriers, and these cells expanded in the NOG mice after the transplantation. The integration of two or three copies of proviruses in the leukemic cells of some patients with ATL has been reported [18] . However, integration of more than 10 copies of proviruses into the genome of human cells in vivo has not been reported to date. Moreover, with the exception of one or two clones, same T-cell clones were not found both in the mice with primary and secondary engraftments. Therefore, the cells with multiple proviruses found in the transplanted NOG mice were less likely due to the expansion of the HTLV-1 cells, which were directly derived from the original carriers.
The reason why the new infection from HTLV-1-infected cells to the other cells occurred after transplantation in the NOG mice was not clear. There is no antibody to HTLV-1 or effective cytotoxic T cells in NOG mice. The inhibition of HTLV-1 infection to the offspring by the sera of HTLV-1 carriers was reported in the rabbit model [19] . The addition of antibody to HTLV-1, anti-gp-46, to the coculture of HTLV-1-infected and -uninfected cells also inhibits new infection [20] . These data suggest that immune responses to HTLV-1 may prevent active infection between noninfected cells and infected cells in carriers. Therefore, loss of normal immune response in the NOG mice may account for the new infection of HTLV-1. Alternatively, immune cells in the PBMCs from HTLV-1 carriers, which were inoculated into the NOG mice, recognized the tissue of NOG mice as a foreign antigen and were activated. HTLV-1-infected T cells among these cells were also activated during this process and might have been triggered for the production of the viral antigen. The results in the present study suggest that the new cell-to-cell infection of HTLV-1 is able to occur even in humans when the HTLV-1 carriers are under strong immunosuppression. Indeed, HTLV-1 infection from the recipient cells to the donor cells was reported in the case of bone marrow transplantation to patients with ATL [21] .
The human cells which survived in the NOG mice were decreased in number, especially in the mice with secondary transplantation. When the rearrangement of TCR-␥ gene of human cells was analyzed in the present study, the variety of T-cell clones was limited in the NOG mice. These data suggest that only a certain fraction of T cells selectively survived in NOG mice after the transplantation. The majority of the mononuclear cells isolated from the NOG A-2 were shown to harbor HTLV-1 provirus by FISH. HTLV-1 Tax protein has been shown to promote the proliferation of infected cells [22] [23] [24] [25] . Therefore, it was possible that the HTLV-1-infected T cells had a growth advantage due to Tax protein in the NOG mice because the transcription of HTLV-1 pX genes was shown in the present study. However, half of the cells from the NOG B-2 were shown not to harbor HTLV-1 provirus by FISH assay. The direct activation of T cells as an immune response to the mouse antigens is also possible. Alternatively, activated HTLV-1-infected cells due to Tax protein may produce cytokines to induce the activation of HTLV-1-noninfected cells (bystander effect) in NOG mice.
Whether the selectively surviving T cells in NOG mice have characteristics similar to leukemic cells is an interesting question. When smoldering-type ATL cells were transplanted into NOD/SCID/beta 2 -microglobulin null mice, expansion of single HTLV-I-infected clone was reported [22] . However, based on the analysis of the rearrangement of TCR-␥ gene in the present study, the majority of the T-cell clones found in the primarily transplanted NOG mice disappeared in the secondarily transplanted NOG mice. Further study is necessary to clarify whether the surviving T cells in NOG mice have the potential to develop leukemic cells and whether this engraftment model is useful in the identification of carriers with higher risk of developing ATL.
In conclusion, HTLV-1-infected cells derived from NOG mice with primary engraftment were successfully transplanted into other NOG mice. An increased number of HTLV-1 proviral copies per cell was observed in the secondarily transplanted NOG mice, and this was considered due to the new infection from HTLV-1-infected cells to the other cells. The human cells which survived in NOG mice were decreased in number, especially in mice with secondary engraftment. Only a fraction of T cells seemed to have selectively survived in NOG mice after the transplantation. This engraftment model using NOG mice could be useful in clarifying the mechanism of HTLV-1 infection in vivo and the development of the reagents to inhibit HTLV-1 infection.
